The effects of cell-free supernatants (S) and anionic fractions (Q) from three different strains of Bacillus subtilis were evaluated on weed seed germination. The plant growth promoting rhizobacteria (PGPR) strains DN and Car13, as well as a non-promoting strain (PY79), were tested on pigweed (Amaranthus hybridus L.) and Johnson grass (Sorghum halepense L. pers). The application of anionic fractions QCar13, QDN and QPY caused a drastic decrease in the germination rates of both pigweed and Johnson grass seeds relative to controls. These results suggest the presence of one or several metabolites capable of inhibiting germination in both weeds, while acting more effectively on dicotyledonous seeds. This work shows the potential of essayed fractions in weed control.
INTRODUCTION
Plants interfering with human activity in tilled and nontilled lands are considered weeds (Klironomos, 2002; Labrada, 1992) . In Mexico, at least 50% of the species considered undesirable for commercial crops are found in agricultural fields. Sorghum halepense and Amaranthus hybridus are two such weeds that affect crops including corn, rice, hot peppers and beans. In Mexico, as in other parts of the world, the decrease in crop quality and yield due to weeds has promoted the use of herbicides. Three million tons per year are used worldwide (Culliney, 2005; Rzedowski and Calderón, 2004) . However, in recent years, some weed populations have developed resistance to these products leading to higher rates of application and to more complicated soil and water contamination problems. In addition, herbicides have an impact on human health (Culliney, 2005; Gressel, 2000; Shibayama, 2001) . The current situation has promoted *Corresponding author. E-mail: valeangoa@hotmail.com. Tel: +3535330218. Fax: +3535330083 interest in developing weed management systems to reduce herbicide dependency, and to minimize their negative effects on the environment and human health (Culliney, 2005; Radja et al., 2002) . The use of living organisms is one alternative (Alavanja et al., 2004; Shepard et al., 2004; Ying and Williams, 1999; 2000) .
The use of microorganisms as bio-herbicides has several advantages, including higher selectivity, their capacity to inhibit plant growth, the diminished potential to resistance, lower production costs, and the introduction of environmentally friendly practices (Bolton and Elliot, 1989; Crump et al., 1999; Flores-Vargas and O'Hara, 2006) . Studies have examined the use of soil bacteria (including Pseudomonas) known as Deleterious Rhizobacteria (DR), to impair the development of weeds (Flores-Vargas and O´Hara, 2006; Kremer and Kennedy, 1996) . Kennedy et al. (1991) reported that two strains of rhizospheric Pseudomonas considerably reduced the density, growth and production of Bromus tectorum grass seeds. Likewise, Adam and Zdor (2001) demonstrated that bacteria isolated from Abutilon theophrasti Medik suppressed the growth of different weeds. Weissmann and Gerhardson (2001) observed that the growthsuppressive effects of strain A153 sprinkled over greenhouse Chenopodium album plants lasted from 10 to 14 days; however, in field experiments this effect was absent after two months, requiring multiple foliar applications to maintain or re-establish the control effect.
Furthermore, the authors observed that the control effect depends on both weed species and the type of crop present, as Polygonum convolvulus was suppressed to a greater extent in wheat than in potato. Some rhizospheric bacteria have shown either growth inhibition or growth promoting activity, depending on the host (Weissmann et al., 2003) . In this regard, Li and Kremer (2006) demonstrated that strain G2-11 of Pseudomonas fluorescens inoculated to wheat and soybean crops suppressed the growth of Ipomea sp, and Convolvolus arvensis weeds among others, while promoting the growth of agricultural crops. Some reports have attributed the inhibitory effects to the release of enzymes, phytotoxic compounds, growth regulators and bacterial metabolites which can be absorbed by plant roots. Kremer (2002) reported that extracts produced by certain pathogenic strains decreased root growth of several plant species, including some weeds. Moreover, Flores-Vargas and O'Hara (2006) assessed rhizobacterial extracts in different weed species, finding an inhibitory effect on root growth of Raphanus raphanistrum L. and Lolium Erigidum Guad., caused by the hydro-cyanic acid content of the Pseudomonas fluorescens WSM3455 strain.
Research has been conducted using cell-free supernatants of the Bacillus subtilis strain DN, a PGPR, as well as its anionic and cationic fractions. The cell-free supernantant was found to promote root development and root branching in Arabidopsis thaliana plants, while application of the anionic fraction to the seeds had an inhibitory effect on germination (Jiménez, 2004) . In view of these results, the goal of this work was to assess the effects of three different strains of B. subtilis on the germination of weed seeds from A. hybridus and S. halepense. Cell-free supernatants and the anionic fractions extracted from two PGPR strains (DN and Car13) and a non-promoter growth rhizobacteria (PY79) were examined.
MATERIALS AND METHODS

Collection of weed seeds
Dicotyledonous pigweed seeds (A. hybridus) and monocotyledonous Johnson grass seeds (S. halepense) were collected at Jiquilpan Michoacan, Mexico, during the rainfall period (August to October).
Strains
B. subtilis strains (DN and PY79) were donated by the Ecological Biochemistry laboratory from CINVESTAV Irapuato, Mexico. Both strains were identified at the species level according to Cowan and Steel (1974) , as well as Bergey's Manual of Systematic Bacteriology (Stanley and Sharpe, 1989 ). An additional plant growth promoter strain of B. subtilis, Car13, belonging to the strain collection of the Phytopathology Laboratory, CIIDIR-IPN, Michoacan unit was also identified according to the criteria established by Bergey´s Manual of Systematic Bacteriology.
Cell-free supernatants and anionic fraction extractions
To obtain cell-free supernatants (S), all strains were grown in potato-dextrose infusions (Stanley and Sharpe, 1989) under constant stirring (200 rpm) at 28ºC for 24 h. It is noteworthy that the strains used in this study reached the stationary phase between 12 and 14 h (Jiménez, 2004) . The broth was centrifuged at 10,000 rpm for 15 min, at 4ºC. All supernatants were filtered through a nylon membrane screen of 0.22 µm (Millipore Corporation, Bedford, MA). The anionic fraction (Q) from the corresponding cell-free supernatants was obtained by ion-exchange chromatography, using an anion-exchange resin Macro-Prep® High Q Support (Strong Anion Exchange Support, Bio-Rad Laboratories, Inc.). The resin was flushed with 1.0 N NaOH and loaded with 1.0 M NaCl (200 ml), before stabilizing with 0.01 N Tris-HCl, pH 8.0. The cell-free supernatants were passed through the column then, eluted with 1.0 M KCl. Cell-free supernatants and their fractions were stored at 4ºC. This fraction was used to purify the supernatants, since previous studies (Jiménez, 2004) showed the existence of inhibitory compounds on germination of Arabidopsis thaliana seeds. Also since this method fractionates the supernatant, it makes easier the future identification of the negatively charged compounds that could be responsible of the inhibition.
Effect of cell-free supernatants and their Q fractions on the germination rates of greenhouse weeds
Fifteen disinfected weed seeds were planted at a depth of 1.0 cm in pots containing 500 g of a sterile mixture of sand and clay (1:1, v/v). Each pot was considered a single sample and there were 3 sample replicates per treatment. Treatments included cell-free supernatants from strains DN (SDN), PY (SPY) and CAR13 (SCar13), and their corresponding anionic fractions: QDN, QPY and QCar13. 3 mL of cell-free supernatants or their anionic fractions were added to each pot every other day. Potato-dextrose infusions were used for the control group. The emergence rates, as well as the dry weights of shoots and roots, were assessed over 30 days. Each experiment was repeated two times.
Statistical analysis
Analysis of variance (ANOVA) was performed followed by a Tukey's test for mean comparison (Statistical Analysis System, 2000) . When necessary, data were arcsine-transformed to normalize and achieve homogeneity of variance between treatments (Badger and Ungar, 1989) .
RESULTS
DN cell-free supernatant significantly reduced the germination rate of Johnson grass seeds relative to control, while SCar13 and SPY did not show any effect ( Figure  1 ). In contrast, SPY caused a significant decrease (25%) in germination rates of pigweed (dicotyledonous), relative to control (Figure 2 ). Although PY is not a promoter strain of plant development and it is not considered deleterious, the SPY showed an inhibitory effect on germination (Figure 2 ). The application of fractions QPY, QDN and QCar13 on Johnson grass seeds resulted in a significant decrease of germination rate (about 50%) compared to the control group (Figure 3) . The application of these Q fractions on pigweed seeds caused a similar decrease: QCar13 diminished the germination rate 4-fold, while QDN and QPY did so 7 and 8 fold, respectively ( Figure  4) . The germination inhibitory effect of QPY fraction was also accompanied by a decrease of shoot and root dry weights of seedlings (Table 1) . A significant reduction of root dry biomass was found in both weed species, particularly in pigweed due to SPY and QCar13 treatments (Table 1) . Only QDN and QCar13 fractions resulted in a significant reduction of shoot biomass in Johnson grass (Table 1) .
DISCUSSION
The germination inhibition of SDN on Johnson grass and of SPY on pigweed might be due to the presence of metabolites that exert a differential effect on mono-and dicotyledonous weeds. It should be noted that although DN and Car13 are PGPRs, SDN showed an inhibitory effect on Johnson grass (Figure 1) , while SDN and SCar13 had a neutral effect on pigweed (Figure 2) . These results coincide with those reported by Latour et al. (1996) who demonstrated that the effect of rhizospheric bacteria on plant growth and seed germination rates can be beneficial, deleterious or neutral, depending on the bacterial species and/or the crop, as well as several environmental factors. Our results are consistent with data reported by Nandakumar et al. (2001) who demonstrated that suspensions of three bacterial strains applied to the roots, leaves and soil of rice seeds resulted in the promotion of plantdevelopment, except in the case of seedlings emerged from inoculated seeds. Although PY is not a promoter strain of plant development and it is not considered deleterious, the SPY showed an inhibitory effect on germination (Figure 2 ). This germination inhibition of the different fractions on Johnson grass and pigweed (Figures 3 and 4) suggest that certain metabolites present in those fractions are in fact capable of inhibiting germination on both weed seeds, more conspicuously on dicotyledonous seeds. This fact is rather interesting, as more efforts have been devoted to find bacteria that are able to suppress narrowleaf weed development without affecting broad-leaf weeds (Weissmann and Gerhardson, 2001) . The observed differential effect could depend on the type of metabolites present in fractions of the plant species, the substrate and a number of other factors (Weissmann and Gerhardson, 2001) . Another explanation could be that metabolites present in cell-free supernatants are in fact produced and released to the rhizosphere, where some plant materials are acting as precursors or triggering agents (Schippers et al., 1987) . The nature of such metabolites is still unknown, even though they appear to be directly related to germination as reported by Brizuela et al. (1998) . These authors assessed regulating metabolites of secondary plant growth of basidiomycetes. They reported that 3,5-dichlor-4-metoxybencyl alcohol isolated from Hypholoma sp. cultures inhibited the synthesis of hydrolytic enzymes.
Examination of this compound's mechanism of action revealed that it acted on the first stages of the biosynthesis route induced by gibberellic acid. Therefore, the germination rate of seeds from different species, including Triticum aestivum could be inhibited by applying 50 mg·mL -1 of this alcohol metabolite (Hautzel and Anke, 1990) . This dose-dependent effect has been reported by Siegien and Bogatek (2006) who found that millimolar concentrations of hydrogen cyanide (HCN) stimulated seed germination in certain species, while high HCN rates inhibited germination. This confirms the dual effect of HCN, depending on its concentration. It is worthwhile to note that although HCN is a neutral compound, its inhibitory effect is similar to that observed in the anionic fractions assessed in this work. Other studies (Brizuela et al., 1998; Flores-Vargas and O'Hara, 2006; Li and Kremer, 2000) have suggested that the inhibiting metabolites may be toxins, making them attractive candidates as pesticides and herbicides (Macías et al., 2008) . The inhibitory effect of QPY on the germination rate of both plants was similar to the effects observed by Miché et al. (2000) , who reported that a strain of Azospirillum brasilense was preventing germination of Striga hermonthica weeds.
A comparable inhibitory action related to weed growth promotion was reported by Flores-Vargas and O'Hara (2006) , who observed that the inoculation of bacterial strains (WSM3455 and WSM3457) inhibited the production of dry biomass in underground clover. Both works attributed the resulting inhibitory effects to toxins. Li and Kremer (2000) found rhizobacteria with phytotoxic potential that could decrease the in vitro growth of lateral roots and weeds. An identical effect was indirectly observed with the cell-free supernatant and Q fraction of PY (data not shown) on the decrease of root biomass. With regard to foliar development, Kremer and Li (2006) reported foliar suppression and no effect on root biomass by Aeromonas and Pseudomonas strains. The identities of the inhibitory metabolites present in cell-free supernatants and their anionic fractions remain unknown. Their effects could be due to an interaction of multiple compounds contained in the supernatant, their concentrations, or a combination of factors.
It should be mentioned that both species showed different responses to the extracts. This result coincides with the response caused by chemical herbicides used against both wide-leaf (for example, pigweed) and narrow-leaf weeds (for example, Johnson grass). The mechanisms by which bacterial extracts and anionic fractions exert their effects on weed germination and weed development rates were not studied in this work. However, it can be inferred that such effects are the result of a complex mechanism, or the combination of several mechanisms. Further research is needed to identify the metabolites involved in this process and their mechanisms of action. The significant inhibitory effect on the germination rate of both weeds caused by anionic fractions from cell-free supernatants of three strains of B. subtilis represents a new potential alternative for weed control.
